ABSTRACT Orthogonal frequency division multiplexing (OFDM) technique is the most used approach in various wireless communication technologies due to its implementation advantages. However, OFDM has also some significant drawbacks, such as the sensitivity against real-time impairments and the poor peakto-average power ratio (PAPR) performance. These drawbacks decrease the usage potential of OFDM in future networks. Recent OFDM alternatives, which have been proposed in 5G waveform research activities, can provide limited improvements and these mostly include modified filtering operations when compared to the OFDM. In this paper, as a novel and flexible approach, superposition coding is adopted to OFDM, and superposition coded-OFDM (SC-OFDM) is proposed. By exploiting superposition coding as a new transmission dimension, an adaptive waveform solution that solves the PAPR problem without creating any inefficiency is provided. At the same time, throughput or error performance, and sensitivity against realtime impairments can also be improved. Features for each problem are proposed within the SC-OFDM approach. Performances of each SC-OFDM features are measured with extensive computer simulations and real-time experiments. Real-time experiments are realized by using software defined radio nodes and these are compared with the computer simulation results. To the best of authors' knowledge, such a comprehensive waveform design is proposed for the first time in the literature. As observed with the results, SC-OFDM can meet the requirements of future communication technologies.
I. INTRODUCTION
Due to its capabilities, orthogonal frequency division multiplexing (OFDM) technique has been used extensively in various wireless technologies to address high data rate demands and error performance requirements. OFDM is a flexible multicarrier waveform due to its simpler multiplexing property. Various improvements that have been deployed in wireless networks, are mostly OFDM-related and future networks will also include such OFDM-oriented features. However, OFDM has some significant performance limiting drawbacks, and the expectations that are discussed within the research activities of 5G and beyond technologies, are difficult be realized with pure OFDM. Sensitivity against carrier frequency offset (CFO) and channel estimation errors, and the requirement of high number of pilots to track the channel, are the important drawbacks. Moreover, the peakto-average power ratio (PAPR) problem, which arises from weighted subcarrier summations, is very crucial and could cause both power inefficiency and error performance degradation.
Recent multicarrier waveform studies are also mostly OFDM-oriented and the orthogonality principle has been preserved in most of the studies. However, some new 5G waveforms that embody OFDM-like structures, do not contain this principle because of the filtering operation. For example, generalized frequency division multiplexing (GFDM) and GFDM-oriented waveforms have overlapped subcarriers because of the subcarrier-wise filtering and the increased lengths of implemented filters [1] , [2] . Such a non-orthogonal structure causes interference among subcarriers that could limit the error performance. Therefore, more advanced receiver structures with successive interference cancellation (SIC) procedure are utilized in such waveforms in order to eliminate the interference. There are some other waveforms, entitled as nonorthogonal frequency division multiplexing (NOFDM) , that are implemented with non-orthogonal pulses [3] , [4] . With this approach, increased efficiency is targeted, but performance loss may be severe because of the additional interference. Other than these studies, to the best of our knowledge, orthogonality principle has not been questioned in OFDM systems and has kept its prevalence.
As a different approach, hierarchical modulation aims to improve the transmission efficiency in digital television broadcasting [5] . In this technique, two symbol streams, which are high priority and low priority, are transmitted in superposition coded fashion to realize more transmissions. Hierarchical modulation can also be adopted to OFDM. But, it has been used in limited application areas and due to the interference caused by the low priority streams, it does not have a significant usage in commercial systems. In order to overcome drawbacks of current multiple-access techniques and to increase the multiple access efficiency, non-orthogonal multiple access (NOMA) technique has been recently proposed in [6] . Similar to hierarchical modulation, NOMA also includes superposition coding. Accordingly, users are separated in the power domain or the code domain by utilization of an SIC based receiver or ML based receiver. Beside their allocated main frequency bands, users who encounter good channel conditions, are also permitted to use other frequency bands by power domain separation. Accordingly, in these bands, main users, with worse channel conditions, transmit or receive their symbols with a high power and other users utilize lower power symbols. In receiver, these symbols can be separated due to ther power differences. Such a power domain based multiple access scheme provides effective throughput improvements [6] .
As a different perspective, a new waveform structure, which is entitled as superposition coded-OFDM (SC-OFDM), is proposed in this study by exploiting the nonorthogonal subcarrier localizations. Similar to power domain separation principle of NOMA, additional symbols are added on desired data symbols and superposition coded symbols are transmitted. At a first glance, it can be stated that undesired interference is created and this could be a limiting factor for obtaining a robust performance. However, as it will be demonstrated in the following subsections, adaptive symbol selection, which is realized by utilizing the feedback information from the channel, can improve the performance significantly. If symbol powers are selected properly, detectable data can be transmitted with overlapped low-power (LP) symbols, and this data can be successfully decoded at the receiver side with a higher error rate when compared to main symbol sequence that includes high-power (HP) symbols. This superposition coding based approach provides flexibility and a new transmission dimension is obtained. By exploiting this property from different perspectives, SC-OFDM offers an extensive waveform design toolbox.
In addition to error performance improvement use case (UC), three other UCs are considered in this study in order to show the benefits of SC-OFDM waveform, and other UCs can also be derived. Superposition coding dimension can be used to transmit pilot stream to improve the sensitivity against CFO (or to reduce channel estimation errors), to increase the throughput and to reduce the PAPR. As a crucial advantage, these functions are not contradictory to one another and can be jointly realized by a smart waveform design. Since PAPR is effective in real-time, error performance cannot be considered independent from realtime impairments and PAPR's effects on error-performance should also be considered. As the most important feature of SC-OFDM, a PAPR reduction algorithm can be embedded into SC-OFDM and a significant peak power reduction can be obtained without data rate inefficiency. Moreover, beside PAPR reduction, pilot transmission as well as error performance or throughput improvement can also be realized simultaneously.
Various approaches can be considered and different symbols can be transmitted as LP symbols. Four UCs that considered in this study, are stated as follows.
1) UC#1 Channel Estimation Improvement: In this
case, an efficient channel estimation procedure that decreases the number of pilots without causing significant error performance increase, is modeled to provide an efficient version of SC-OFDM. 2) UC#2 Error Performance Improvement: Here, LP symbols are selected as whole or some part of HP symbols depending on the constellation mapping. But, indices of these LP symbols are selected differently than main symbols' indices in order to create a virtual-MIMO effect. Therefore, the same symbol can be transmitted multiple times using different indices with LP levels. With such a procedure, the whole or some part of data symbols are transmitted over different channels and if proper detection mechanism is considered, they can be successfully estimated by exploiting channel diversity. 3) UC#3 Throughput Improvement: In this case, a different data stream is also considered as LP symbols to obtain the throughput increase. 4) UC#4 PAPR Reduction: By exploiting LP symbol transmission, a PAPR reduction methodology is integrated into SC-OFDM and utilized phase coefficients are transmitted via LP symbol domain. In this way, data rate loss that arises from transmission of phase coefficients at HP symbols, is prevented.
As highlighted in [7] , there are various PAPR reduction techniques in the literature; such as amplitude clipping, tone reservation, active constellation extension, partial transmit sequence (PTS) and selected mapping (SLM). Each technique reduces PAPR by causing some inefficiencies such as transmit power increase, data rate loss or computational complexity increase. PTS is an effective technique in which subcarriers are partitioned to disjoint groups and each one is multiplied with a phase coefficient. With proper parameter selection, an efficient PAPR reduction performance can be obtained. However, side-information transmission is required and this could decrease the data rate. In PAPR reduction case, PTS technique is utilized within the SC-OFDM without any data rate loss. Moreover, integration of PAPR reduction and throughput improvement cases, in other words, UC#3 and UC#4, is also provided to show the effectiveness of SC-OFDM technique.
The proposed SC-OFDM waveform is tested with computer simulations and its performance is compared with OFDM variations. Furthermore, its performance is measured in real-time by a designed point-to-point transmission testbed, which includes software defined radio (SDR) nodes. All considered cases are experimented in real-time by varying key system parameters. Significant observations, which are obtained in computer simulations of main variations of SC-OFDM and OFDM, are also investigated in real-time to evaluate the real-time performance characteristics. In this way, its advantages over reference methods and suitability to real-time distortions are investigated.
The rest of the paper is organized as follows. In Section II, the related studies in the literature are summarized and some important contributions are highlighted. In Section III, the transmitter models of proposed techniques are provided. The corresponding receiver details are given in Section IV. In Section V, computer simulation results are presented. After giving the technical details of the implemented testbed in Section VI, and the test results are presented in Section VII. The paper is concluded in Section VIII.
II. RELATED WORKS
As detailed in [8] - [10] , NOMA provides significant efficiency improvement as a multiple access technique in wireless networks due to improved data rate and spectral efficiency by multiplexing of different user data streams. Superposition coding with proper receiver implementation, is the core component that provides the benefits of NOMA. This multiplexing can be implemented in power or code domains. The preferred domain among these two is the power domain and power allocation is the key parameter for this implementation.
Hierarchical modulation technique utilizes the similar principle of NOMA. In [11] , low error performance of LP symbols is targeted and an encoding scheme is proposed to improve the performance. A partial dependency between HP and LP symbols is created to improve the detection performance of LP symbols. According to results, improved performance over traditional hierarchical modulation is obtained. In [12] , a blind channel estimation method is utilized in OFDM with hierarchical modulation. Initial channel estimation is achieved with transmission of pilots. By utilizing different constellation sets at odd and even indices, blind channel estimation is realized. In [13] , repetition coding is applied to hierarchical modulation to cancel the inter-carrier interference. This coding brings reduced spectral efficiency, but error performance improves significantly. Proportional fair and round robin algorithms are applied to hierarchical modulation in [14] , by targeting the resource allocation in OFDMA based networks. Accordingly, improved resource allocation can be obtained. In [15] , pilot signals in OFDM are modulated with hierarchical modulation and at the receiver side, amount of CFO degradation is detected by comparing these with initially determined BER levels. By using this approach, CFO can be successfully estimated.
In [16] , in order to improve the error performance of HP symbols, layered offset hierarchical quadrature amplitude modulation (QAM) scheme is proposed. Accordingly, layers are shifted by half the symbol duration. An improved error performance is obtained due to reduced ISI. In [17] , throughput of OFDM with hierarchical modulation is analyzed and the asymptotical BER rates are derived for both HP and LP streams. The coding rate and the constellation ratio are considered as the main design parameters for throughput optimization and optimal performance conditions are stated. In [18] , the difficulty of obtaining unequal error protection in strong line-of-sight links is targeted. Accordingly, multilevel spatial hierarchical modulation, in which HP and LP symbols are jointly decoded both in signal and spatial domains, is proposed. Results show that such procedure brings improvement on the considered issue. In [19] , hierarchical modulation is utilized as a PAPR reduction method for OFDM. By increasing the distance between adjacent constellation points, PAPR can be reduced. Constellation rotation is utilized in [20] to improve the performance of LP symbols. Such procedure brings improved error performance without sacrificing the error performance of HP symbols.
Recently, in order to address the main drawbacks of OFDM and to meet the demands arise with 5G, several waveforms have been proposed. Filterbank based multicarrier (FBMC) is proposed in [21] , where subcarrier-wise filtering is applied. Subcarrier-wise filtering provides immunity against CFO. However, this operation brings interference on subcarriers due to long filter length. GFDM is proposed in [1] . It also contains subcarrier-wise filtering. Similar to FBMC, again interference is the main limitation, but improved out-of-band emission renders GFDM suitable to some specific scenarios like cognitive radio applications. Universal-filtered multicarrier (UFMC) is proposed in [22] and contains block-wise filtering which overcomes OFDM's sensitivity against CFO. As an additional advantage, compared to the previous waveforms, interference is less effective. However, it still negatively affects the error performance. Similarly, filtered OFDM (f-OFDM) waveform, which is proposed in [23] , contains block-wise filtering. However, the filtering operation, that is implemented on OFDM symbol, significantly increases the time-domain symbol length and brings design issues for some specific applications. As a unique approach, hybrid OFDM-IM (H-OFDM-IM) scheme, which is the combination of OFDM with index modulation (OFDM-IM) and dualmode OFDM-IM (DM-OFDM), is proposed in [24] by targeting the limitations of both OFDM-IM and DM-OFDM in terms of the spectral containment and the error performance. With comprehensive computer simulation and test results, effectiveness of the proposed technique is shown. However, problems that are related to OFDM, still exist. These mentioned waveforms are seen as the main waveform candidates for 5G and beyond, but do not provide extensive solutions to drawbacks of OFDM. To the best of authors' knowledge, a waveform that provides the extensive features that SC-OFDM presents is yet to be proposed. Therefore, SC-OFDM is unique when compared to the existing waveforms. Moreover, it can be modified by filtering operations of considered waveform, and desired spectral localization can be obtained.
III. TRANSMITTER MODEL
A block diagram of the SC-OFDM waveform's transmitter implementation is shown in Fig. 1 . According to the transmission requirements, data bits or pilot sequence for LP symbol transmission portion are generated, and the first choice between error performance improvement and throughput improvement cases is selected. Then, these LP symbols are overlapped with HP symbols. Here, it is assumed that modulations and allocated power levels are determined in the beginning. Note that, some LP symbol positions may not be filled and can be reserved for PAPR reduction coefficients.
Steps of superposition coding operation can be explained in detail with the following mathematical model. If one HP and one LP symbol sequences are considered, overlapped frequency domain symbols can be represented as
where
represent the allocated power levels of HP and LP symbols at k th subcarrier and their total power is set to P, K is the total number of frequency domain data subcarriers. In this study, the same power levels are utilized for all subcarriers, therefore, frequency indices in the representation of power levels are 
where 
As modeled in the following sections, X L [k] can be used for different purposes and its creation procedure changes accordingly. After this procedure and serial to parallel conversion, subcarriers are partitioned into groups. Except the first group, inverse discrete Fourier transform (IDFT) operation is applied for each group and each one is multiplied with corresponding phase coefficients, which are computed with an optimization procedure. Then, determined phase coefficients are modulated to obtain LP symbols and overlapped with first subcarrier group. IDFT is applied to this group and all subcarrier groups are summed. Afterwards, parallel to serial conversion, CP addition and digital-to-analog conversion (DAC) are implemented. In system models of each case, PAPR reduction is also considered. UC#3 and UC#4 are experimented jointly through experiments. Details of each case and content of X L [k] are presented in the following subsections.
A. UC#1 SYNCHRONIZATION-CHANNEL ESTIMATION IMPROVEMENT
To implement this case with PAPR reduction case, blocks UC#1 and UC#4 in Fig. 1 , should be activated. VOLUME 6, 2018 Accordingly, LP symbols can be generated as
where C[k] represents the k th subcarrier of the corresponding synchronization or channel estimation sequence, K C represents the index set that contains the subcarrier indices of
contains the corresponding phase coefficient which is utilized in the PAPR reduction method to change the phases of corresponding subcarriers and can be expressed as
where β i is the phase coefficient which is multiplied with i th subblock, K β i represents the allocated indices for β i with the cardinality of K β i , K B represents the index set that contains the subcarrier indices for X B [k] sequence, with
As represented, in order to make sure that the phase coefficients can be correctly estimated on the receiver side, each phase coefficient is transmitted through multiple indices. In this study, channel estimation procedure that is targeted in [25] , is considered. Accordingly, channel has a block fading channel characteristic, where symbols are affected from similar channel coefficients during the coherence time. By exploiting the knowledge of pilots that are transmitted as superposition coded symbols, channel is estimated without the requirement of pilot transmission after an initial pilot transmission. Such a procedure provides a data rate efficiency improvement without causing a significant error performance degradation, as it will be shown with simulation and test results.
B. ERROR PERFORMANCE-THROUGHPUT IMPROVEMENT
Since selection of error performance improvement and throughput cases are considered as separate steps, details of each case are explained separately in following subsections.
1) UC#2 ERROR PERFORMANCE IMPROVEMENT
In the implementation of this case with PAPR reduction case, blocks UC#2 and UC#4 in Fig. 1 , should be utilized. Since LP symbols are generated from some portion of data bits that are modulated to HP symbols with M H -QAM, bit stream can also be represented as
] is the bit stream that is used in LP symbol creation process and
] is the bit stream that is not used in LP symbol creation process. Here, Permutation function can be created as error control code.
where MOD L {·} represents modulation operation that utilizes
In order to exploit channel and capture a virtual-MIMO effect, symbols that represent same bits should be transmitted at different indices. Therefore, components of
should be rearranged as
where P B s (·) represents the permutation operation, where the components of X L relocated according to index set B s and
Note that, HP and LP symbols can be selected from different M -QAM constellations such as 16-QAM and 4-QAM, respectively. At the end, LP symbols can be created as
2) UC#3 THROUGHPUT IMPROVEMENT
In the implementation of this case with PAPR reduction case, blocks UC#3 and UC#4 in Fig. 1 , should be activated. Since bits different from transmitted bits with HP symbols, are transmitted with LP symbols, index allocation procedure in the error performance improvement case is not required in the throughput improvement procedure. In LP symbol transmission, the main difference from HP symbol transmission is the transmission of symbols at multiple indices. LP symbols do not have robust error performance, and this repetitive transmission is desirable to provide a robust error performance. In this case, LP symbols can be created as
where X T [k] represents the corresponding symbol and can be expressed as 
C. UC#4 PAPR REDUCTION
In order to provide an improved PAPR performance, by exploiting the superposition coding feature of the SC-OFDM, PTS algorithm is embedded into SC-OFDM. Accordingly, firstly, data subcarriers are divided into groups and orthogonal subblock are created by nulling the remaining data subcarrier positions. This can be denoted as
represents the i th subblock and can be denoted as
where K i represents index set that is allocated to the i th subblock. Moreover, the total number of subblocks is equal to U + 1, where U of them are fed into PTS algorithm and remaining subblock carries obtained phase coefficients.
According to the PTS technique, each subblock is transformed to the time domain and multiplied with a phase coefficient that minimizes overall PAPR value. Time domain symbols can be obtained as
where x i [n] is obtained after IDFT operation as
where N is the total number of time samples. PAPR of the signal can be expressed as PAPR = 10 log 10 max
where E · represents the expected value operator. Classical OFDM symbol generation procedure is modified by adding phase multiplication step and transmitted symbols after the PTS operation is obtained as
where subblock 
IV. RECEIVER MODEL
Block diagram of the SC-OFDM's receiver implementation is shown in Fig. 2 . Accordingly, analog-to-digital conversion, synchronization and CP removal blocks are implemented firstly. Afterwards, serial to parallel conversion, DFT operation and parallel to serial conversion blocks are implemented and first subcarrier group that carries phase coefficients is separated. Then, phase coefficients are estimated by using an SIC detector, and remaining groups are fixed. According to choice of pilot transmission, channel estimation is utilized. Then, detection procedure in corresponding case is utilized and data bits are estimated. This procedure can be detailed mathematically as follows. In the receiver side, received signal can be represented as 
Y [k] can also be represented as 
where Y B [k] and H B [k] represent the received signal and channel coefficient at k th subcarrier in index set K β . With these estimates, approximate phase coefficients can be estimated with ML detector according to
represents the i th index of the K β i . Afterwards, by utilizing these coefficients, phase coefficients can be obtained as
represent the channel coefficient and noise component at k th subcarrier in the remaining U subblocks.
In the following subsections, details of the reception procedures of each case are presented.
A. UC#1 SYNCHRONIZATION-CHANNEL ESTIMATION IMPROVEMENT
In the implementation of this case, blocks UC#1 and UC#4 in Fig. 2 , are utilized. If pilot symbols are transmitted within SC-OFDM symbol, after phase coefficient equalization, a correlation based approach may be utilized to find the optimal CFO estimate affecting the symbol. Proper allocation of sequence on top of HP symbols should provide such correlation feature, and this can improve the system's resilience against CFO. If transmission choice is a pilot sequence, this could naturally bring estimation improvement due to a higher number of pilots. Detection procedure depends on the transmission choice and could differ from each other significantly. If channel does not change rapidly during the coherence time, with single pilot transmission in the initial phase, symbols and channel coefficients can be estimated as
where C H is the set that includes possible
With the assumption of perfect channel estimation in the first transmission, transmitted symbols at q th transmission are estimated as
Then, channel estimation is achieved as
With the knowledge of coherence time and suitable channel conditions, this method would provide good performance and improved spectral efficiency.
B. UC#2 ERROR PERFORMANCE IMPROVEMENT
In the implementation of this case, blocks UC#2 and UC#4 in Fig. 2 , are activated. In order to understand performance characteristics, three detectors are experimented.
Here, a detector is proposed to obtain a good performance. Details of these detectors are explained in following sections.
1) JOINT DETECTOR
In this case, SIC procedures are not considered and joint ML detector is implemented over joint HP and LP symbols. At the end, transmitted overlapped symbols are estimated bȳ
and k = 0, 1, . . . K E − 1. Then corresponding data bits are extracted.
2) GENIE-AIDED DETECTOR (LOW-POWER SYMBOLS KNOWN, GENIE-LOW)
In this detector, transmitted LP symbols are totally known at receiver with the goal of exploring performance limits of SC-OFDM. By utilizing these symbols, transmitted data symbols are estimated aŝ
3) GENIE-AIDED DETECTOR (HIGH-POWER SYMBOLS KNOWN, GENIE-HIGH)
Similar to previous detector, some portion of transmitted symbols is known at receiver. In this case, HP symbols are known and LP symbols are estimated as
where index arrangement procedure is implemented after this detection and LP symbols are estimated aŝ
Since LP symbols are received with high number of bit errors, it is not feasible to utilize them directly in the detection procedure. But a rational approach would be exploiting the number of successfully detected LP symbols in detection procedure of HP symbols. If it is somehow correctly decided that some portion of LP symbols are received without error, this information can be directly used in detection and reception errors of HP symbols can be eliminated. At first glance, it would look meaningless to use LP symbols in such procedure, but the number of these symbols can be quite low and even a low percentage of these symbols can fix errors of HP symbols. Therefore, with some metrics that could utilize received signal-to-noise power ratio (SNR) or error vector magnitude (EVM), such decision can correctly be made for some LP symbols. Detection can be summarized as
Moreover, this procedure is implemented to estimate the symbols that represent bit stream b l . In the case of bit stream b H , estimated bits can be obtained bỹ 
and with demodulation operation, transmitted bits are estimated asb
where DEMOD(·) represents the corresponding demodulation operation.
C. UC#3 THROUGHPUT IMPROVEMENT
In the implementation of this case, blocks UC#3 and UC#4 in Fig. 2 , are activated. Similar to the phase coefficient detection procedure, an ML detector that computes the transmitted symbol by evaluating multiple indices, should be considered for detection procedure of throughput improvement. Similarly, ML detector can be utilized for detection of HP symbols as
With these estimates, LP symbols can be estimated with ML detector such that
where k ∈ K T . 
V. SIMULATION RESULTS
In order to measure the performance of SC-OFDM waveform in considered scenarios, detailed computer simulations are carried out in Rayleigh fading channel environments. Different parameters are experimented in computer simulations as detailed in each case. The common parameters are given in Table 1 . To visually demonstrate superposition coding, two modulation pairs are selected and corresponding constellation diagrams are shown in Fig. 3 . Constellations are selected as 4-QAM for both HP and LP symbols in the first diagram, and 16-QAM and 4-QAM for HP and LP symbols respectively, in the second diagram. In the simulations of UC#1, a block fading channel is utilized and proposed methodology is compared with OFDM waveform where full channel state information (CSI) information and comb-type channel estimation with one dimensional linear interpolation are considered. In computer simulations of UC#2, different detectors are used and performance of the proposed detector is compared with these. Then, performance effects of allocated power levels are investigated and proper levels are demonstrated by comparing the performances with that of OFDM waveform. Different throughput rates are considered and investigated to understand performance differences with OFDM in computer simulations of UC#3. Lastly, in computer simulations of UC#4, different PAPR reduction parameters are evaluated with different throughput rates and, both error rates and PAPR levels are measured.
A. UC#1 CHANNEL ESTIMATION IMPROVEMENT
Channel estimation performance of pilot carrying SC-OFDM waveform is measured with computer simulations. Accordingly, as mentioned earlier, block fading channel is considered. It is modeled that during the coherence time, four SC-OFDM symbols can be transmitted. During this coherence time, channel coefficients do not vary. But channel coefficients in separate blocks are totally independent, as in block fading channel model.
Three cases are investigated; OFDM with full CSI knowledge, OFDM with comb-type based channel estimation and SC-OFDM with efficient channel estimation. In comb-type based channel estimation case, each OFDM symbol carries pilot subcarriers and channel estimation is applied in receiver side by exploiting the estimated channel coefficients of these subcarriers. In efficient channel estimation case, transmitted SC-OFDM symbol carries pilot subcarriers at allocated HP symbols and initial channel estimation is obtained by exploiting these subcarriers. Then, following three symbols are transmitted with pilots at LP positions, rather than HP ones, and estimated channel coefficients are updated by utilizing initial estimation and superposition coded LP pilots. Computer simulation results obtained for three cases are shown in Fig. 4 . It is clear that ideal channel estimation case has a certain performance advantage and does not cause an error floor. Moreover, efficient channel estimation performs quite close to the comb-type based channel estimation. Furthermore, after 30 dB of E b /N 0 , performance gap shrinks and a better error performance is observed for efficient channel estimation case. As result, it can be stated that SC-OFDM with efficient channel estimation performs quite good and provides data rate improvement of 15% at the expense of a slight error rate increase.
B. UC#2 ERROR PERFORMANCE IMPROVEMENT
In this scenario, HP symbols are modulated with 4-QAM and LP symbols are also modulated with 4-QAM modulations. With perfect CSI knowledge, obtained results for SC-OFDM are compared with corresponding OFDM structure. Moreover, since the allocated power levels are crucial and affecting performance significantly, different power levels are also considered. Firstly, as shown in Fig. 5 , performances of the aboveexplained detectors are measured. As highlighted with legends, SC-OFDM is investigated with the three detectors and corresponding OFDM waveform with the same modulation is also considered with the same set of parameters. Moreover, the proposed detector is also considered and the effect of incorrect LP symbol detection decision on the performance is also observed. For all SC-OFDM variations, power levels are allocated as α H [k] = 0.95, ∀k and α L [k] = 0.05, ∀k. In corresponding E b /N 0 range, SC-OFDM's performance is analyzed. Accordingly, SC-OFDM cannot provide a better error performance than OFDM when one of the first four detectors is utilized. As observed, performances can be ordered from high to low as Genie-Low Detector (eq. (30)), Joint Detector (eq. (28)) and Genie-High Detector (eq. (32)). These results are obtained as expected. Since LP symbol stream has a more deteriorated error performance, knowledge of HP symbols cannot create a distinct impact and the performance of GenieHigh detector results is the lowest. When the performance differences between other three detectors are analyzed, it is clear that knowledge of LP symbols creates the best impact and therefore, Genie-Low detector performs the best performance. This result is also a supportive observation for robust performance of the proposed detector.
With the proposed detector, even with a low number of correct LP symbols, where their deteriorated performance can be seen from the BER results of Genie-High detector, certain performance improvements can be obtained even at low E b /N 0 values. It is clear that with such an approach, interference effects of LP symbols can be eliminated and their transmissions can be exploited to obtain more robust performance than OFDM. In order to validate the performance advantage, random errors on decision process of LP symbols are created, which is shown with the legend ''PD-Error'' in Fig. 5 , and as observed, SC-OFDM still prevails. In order to analyze the performance of the proposed detector in detail, performances of different power distribution setups are measured and shown in Fig. 6 . As the basis method, OFDM with the same modulation is again considered and total transmit power of a 4-QAM symbol is normalized. As an important observation, in addition to the proposed detector, eq. (28) (28) is analyzed, it is clear that using SC-OFDM with this detector cannot bring better performance than the performance of OFDM because of the additional interference. Moreover, with this detector, virtual-MIMO effect cannot be exploited properly. As expected, when the power level allocated to the HP symbols increase, performance improves.
As the second observation of results in Fig. 6 , for a wide range of E b /N 0 values, almost all setups of proposed detector provides improved performance than OFDM. As an important result, when E b /N 0 values are low, setups with lower HP symbol power do not generate clear performance advantages over OFDM. At these values, especially below 25 dB, it is more rational to use setups with higher HP symbol power. In this E b /N 0 range, interference effect of LP symbols are more dominant against their possible error performance improvement effects. However, after 25 dB, LP symbols start to provide very robust performances and as E b /N 0 values increase, important diversity gains can be obtained. At these high E b /N 0 values, allocation of more power to LP symbols, rather than HP symbols is more desired. Therefore, an adaptive power allocation would provide the best performance and certain performance improvements over OFDM can be obtained. 
C. UC#3 THROUGHPUT IMPROVEMENT
In order to measure the performance of SC-OFDM with different throughput configurations, computer simulations are carried out for each configuration and compared with the closest OFDM configurations. Obtained results are shown in Fig. 7 . The data rate of classical OFDM modulation that is configured with parameters in Table 1 , is titled as R bits/sec. Since bandwidth of the transmission is 1 MHz and subcarrier spacing is 2.6 kHz, which results in symbol duration of 0.38 ms, data rate is equal to R = 640 0.38×10 −3 = 2 × 10 3 bits/sec. By utilizing 8-PSK and 16-QAM, OFDM schemes with 1.5R bits/sec and 2R bits/sec are also configured. Four versions of SC-OFDM are considered by allocating different repetition fashions. For example, SC-OFDM waveform with 1.5R is obtained by transmitting the same LP symbol at two separate indices in addition to R bits/sec HP stream. Similarly, when three indices are utilized, SC-OFDM waveform with 1.33R bits/sec is obtained. Since LP symbols bring interference on HP symbols, degraded error performance is an expected result. However, SC-OFDM allows the transmission of intermediate data rates with moderate level of BER. According to results, SC-OFDM with 1.25R bits/sec performs slightly degraded compared to the OFDM with R bits/sec. Moreover, SC-OFDM with 1.33R bits/sec and OFDM with 1.5R bits/sec perform very similarly, which shows the superiority of OFDM for these configurations. Following two configuration provide same observations. For higher data rates, it is clear that OFDM has a superior error performance, which is observed with results of SC-OFDM with 1.75R bits/sec and OFDM with 2R bits/sec. It can be stated that SC-OFDM provides flexibility in terms of throughput, and different scenarios can be configured. Moreover, SC-OFDM performs closer to OFDM for low data rate improvements and reduced repetition suppresses the advantages of SC-OFDM.
D. UC#4 PAPR REDUCTION
The error perforance of practical and efficient PAPR reduction feature of SC-OFDM is measured with computer simulations in presence of Rayleigh channels. Again, OFDM with R bits/sec is considered as the reference waveform. Three different K B and two different rate configurations are considered. Results are demonstrated in Fig. 8 . When K B = 30, and remaining LP symbols are modulated to increase the throughput, error performance cannot be obtained close to OFDM at low E b /N 0 values. This is due to poor detection of phase coefficients and the corresponding error propagation effect. At higher E b /N 0 values, performances converge. When the remaining LP symbols are not modulated, slightly improved performance over modulated case is obtained, by sacrificing the throughput. When K B = 60, performance significantly improves because of multiple transmission of phase coefficients. Due to better detection performance, bit errors reduce. Especially, after 25 dB of E b /N 0 , performance converges clearly to OFDM's. Again, modulation of remaining LP symbols results in higher throughput and degraded error performance. When K B = 100 and remaining LP symbols are not modulated, a performance that is very close to that of OFDM, is obtained. Modulation of remaining LP symbols also brings a desirable performance. This result is important because of improvement of data rate without significantly sacrificing the error rate.
Secondly, PAPR reduction performance of considered configurations is measured and demonstrated in Fig. 9 . Here a different case is also measured. Since self-interference is added after PAPR phase selection procedure, unmodified self-interference group brings degradation in PAPR performance. This degradation is also measured. It is clear that more than 3 dB PAPR performance improvement can be obtained with SC-OFDM over OFDM. As expected, lower K B values bring reduced PAPR performance degradation. When K B is equal to 100, amount of degradation is quite high. If these results are evaluated by considering the error performance results, K B = 60 is the best choice among others. With this configuration, significant PAPR performance improvement without substantially sacrificing BER, can be obtained. Similarly, higher throughputs can also be selected due to slight error performance degradation. Therefore, SC-OFDM is quite effective for OFDM's critical PAPR issue.
VI. TESTBED DETAILS
In this section, we provide the technical details of the transmitter and receiver testbeds. In Fig. 10 , the realized experimental setup is shown.
A. TRANSMITTER DETAILS 1) CHANNEL ESTIMATION
In order to estimate and track the channel, comb-type channel estimation method with one dimensional linear interpolation is used. Accordingly, a group of subcarriers are used as the pilot tones in accordance with the considered ratio of number of data subcarriers and pilot subcarriers. In this implementation, this ratio is considered to be five, i.e, one pilot tone is used for five data subcarriers.
2) SYMBOL STRUCTURE
Structure of the considered SC-OFDM symbol is shown in Table 1 with the corresponding system parameters. Accordingly, data, pilot subcarriers and zeros are inserted, where we have 64 zero subcarriers in the beginning, one zero subcarrier at the center and 63 zero subcarriers at the end of the symbol, the symbol is created and IFFT operation with the length of 512 is realized. After the IFFT operation, the CP portion is added. The length of CP portion is 64 samples, therefore, CP overhead in time domain signal is 11%. With CP addition, time domain signal is created.
3) SOFTWARE AND HARDWARE CONFIGURATION
In order to transmit the generated symbols with a USRP node, related configurations are constructed by using the virtual instruments (VI) component, which is the core programming component in LabVIEW. To start and manage the transmission session with USRP, 'Open Tx Session VI', 'Configure Signal VI', 'Set Time VI', 'Write Tx Data VI' and 'Close Session VI' from the USRP library in LabVIEW are used [26] . Configurations of the transmission parameters such as gain and carrier frequency, are done with 'Configure Signal VI'. The configured parameters are shown in Table 1 . Additionally, synchronization configuration is performed by using related VI. Here, the reference frequency source and clock source of USRP are configured and NI PXI-6683H module is used as the reference signal source. Since NI PXI-6683H module is a separate one that is integrated to NI PXIe-1082 chassis, the module and USRP node are connected with RF cables. A 10 MHz clock signal and related time signal are transmitted via these RF cables. With these steps, the transmitter is configured and used in experiments to implement the data transmission.
B. RECEIVER DETAILS 1) CFO AND TO ESTIMATION
After reception of data from the channel, first, CFO and timing offset (TO) are estimated. Van de Beek algorithm [27] is used for this purpose. This algorithm exploits the correlation arising from the CP portion and obtains symbol timing and maximum likelihood CFO estimates. By the estimation of TO, the CP portion is removed and the estimated CFO is fixed.
2) CHANNEL ESTIMATION
After the FFT operation, data and pilot subcarriers are extracted. By following the pilot insertion procedure in the transmitter side, data and pilot subcarriers are separated.
With one-dimensional linear interpolation, channel coefficients are estimated. Then, the estimated channel coefficients are fed as input to the demodulation blocks.
3) SNR ESTIMATION
SNR estimation, is very crucial for comparison of experiment results with the results obtained by computer simulations. A method that is proposed in [28] , is utilized in the implementations. Accordingly, instantaneous signal power can be estimated by the evaluation of the best hypotheses of the received noisy and noise-free signals. Detection procedure of SC-OFDM scheme can be considered as an example. Accordingly, the instantaneous noise power can be computed as
Since this expression is computed on subcarrier-basis, to obtain the average noise power, results of each subcarrier are averaged asZ
After computation of the noise power, average signal power can be computed asP
Finally, SNR can be calculated as
4) SOFTWARE AND HARDWARE CONFIGURATION
To implement the reception process on the USRP device, VIs from USRP VI library, which are 'Open Rx Session VI', 'Configure Signal VI', 'Set Time VI', 'Initiate VI', 'Fetch Rx Data VI', 'Abort VI', 'Close Session VI', are utilized [26] . Just as in the transmitter side, transmission parameters are allocated by using 'Configure Signal VI'. In order to synchronize the receiver node with the transmitter node, synchronization configuration is performed by using the same VI. VOLUME 6, 2018 Then, the data received by USRP is transferred to the host computer by using the 'Fetch Rx Data VI'. Finally, the data is processed at demodulation VIs.
VII. TEST RESULTS
Proposed applications of SC-OFDM are also evaluated in real-time by using SDR nodes. Real-time experiment results are compared with corresponding computer simulation results to understand performance differences between ideal and real-time environment. Parameters are shown in Table 1 Fig. 11 . Compared to the Rayleigh channel results, OFDM's performance advantages over SC-OFDM increase and only SC-OFDM with 1.25R bits/sec provides an desirable intermediate performance. Due to hardware and channel related real-time impairments, experiment results are obtained significantly degraded compared to the computer simulation results. Again, OFDM with R bits/sec provides the best performance. At E b /N 0 values like 34 dB, SC-OFDM with 1.25R bits/sec provides closer performance to OFDM with R bits/sec. However, at high E b /N 0 values, performance difference between these two increases. Self-interference occurs from superposition coding, becomes more effective in real-time due to hardware impairments, and performance loss against OFDM waveform is observed with SC-OFDM. Different techniques can be merged with SC-OFDM to limit this interference issue in real-time.
B. UC#4 PAPR REDUCTION
As shown in Fig. 12 , when compared to the previously demonstrated Rayleigh channel computer simulation results, similar observations are obtained except the superior performance of setup of R bits/sec with K B = 60 over K B = 100, at high E b /N 0 values. At these values, phase coefficient detection performances are similar for both setups. Therefore, the additional LP symbols make error performance of K B = 100 worse than K B = 60, which is observed more clearly in Rician channel.
Consistent with the previous real-time experiment results, experiment results are again worse than computer simulation results. According to the experiment results, SC-OFDM performs closer to OFDM and, SC-OFDM with R bits/sec and K B = 60 performs clearly better than other two setups. These differences compared to the computer simulation can be explained with less degraded waveforms obtained with SC-OFDM, therefore, reduced hardware impairment effects on error performances of SC-OFDM variations, compared to the effects on OFDM waveform. Similarly, as explained in previous PAPR results of three SC-OFDM variations, K B = 60 gives the best performance due to a better balance between phase coefficient detection performance and obtained PAPR. Therefore, SC-OFDM could provide a better performance than OFDM when more PAPR sensitive devices are utilized, without sacrificing the data rate. At the same time, data rate improvement can also be obtained.
As shown with computer simulation and real-time performance results, transmission of phase coefficients is more degraded in real-time and some performance loss is observed.
However, as demonstrated with PAPR measurement results in addition to the error performance results, there is a tradeoff between the length of low-power phase coefficient array and error performance/PAPR performance. If signal quality is sufficiently high, with fewer low-power symbols, a good error performance and PAPR reduction performance can be obtained even in real-time. But, if transmission conditions are challenging, then increasing the number of these symbols is necessary in order to make sure that these coefficients are successfully received. As a drawback, such configuration results in a worse PAPR reduction performance. In summary, if transmission quality is not sufficiently high, real-time transmission can be successfully achieved by increasing the number of low-power symbols and sacrificing PAPR reduction performance. In the implementation procedure of the SC-OFDM waveform, the feedback from the channel, quality of service requirements, error performance degradation and power consumption levels of the devices should be monitored and evaluated to allocate optimal parameters adaptively and obtain the desired performance.
VIII. CONCLUSION
In this study, SC-OFDM waveform is proposed and several features to solve problems of OFDM, are proposed. With superposition coding, improved PAPR performance can be obtained jointly with throughput, error performance or real-time sensitivity improvement. To the best of authors' knowledge, such a comprehensive waveform is proposed for the first time in the literature. As observed with detailed computer simulation and real-time experiment results, SC-OFDM can present effective solutions to these problems. Therefore, SC-OFDM can be seen as an effective waveform candidate for future wireless communication technologies with its flexible design property. As the future work, improved features of SC-OFDM and adaptation to other 5G waveform candidates will be targeted. Moreover, for dynamic parameter configuration, a multi-constrained optimization problem will also be targeted.
